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Outline

* Why & how sustainable energy materials research
» structure-function, in-situ & operando,
» multi-modal
* Energy Storage
» Ge anodes and LiCoO, cathodes
* Photovoltaics
» Organics and perovskites
* Catalysis
* Summary




Climate Change — One (Striking) Example
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Needs: New Functional Materials

1A

Energy with sustainable levels of CO, emission requires:
New Functional Materials to decrease cost and increase performance

Basic Research Needs: _ N
. . Science for Basic Research Needs

 For solar conversion, “...the range of materials currently | forSolar Energy Utilization
available for use in photovoltaics is highly limited | ‘
compared to the enormous number of semiconductor
materials that can in principle be synthesized.”

* Science for Energy Technology: “The challenge of
creating new materials by design, with specific properties
or functionalities, 1s ubiquitous.”

New materials
* Inexpensive & Earth abundant
 High performance: cost = cost/performance
($/Watt or $/kW-hr)
« Materials Sciences (design) in:
o PV, storage, catalysis, efficiency,
transport, nuclear, ...




New Functional Materials - Characterization

Sustainable energy: generation (solar, PV),
storage (batteries), transformation (catalysis)

 Structure-function relationships (nms -> microns)

* Operation: Where are ions and electrons? And how
do they move?

* Processing: How are they made?

« Multi-modal (many length scales)

Porous negative Porous positive 4 . . .
electrode Separator electrode Multi-modal Diagnostic Tools

atomic bonding T
level
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Ge particle anodes

SLAG
Ge or Si anodes: 2'5:' o,
« alloying: Ge -> Li_,Ge 20f ——
* >4xmore capacity than graphite ~ _  4® J
+ Ge: Li diffusivity ~ 400X Si g 4
+ ~370% volume changes induce £ 1of ey L

cracks and pulverization °k 2
* leads to low cycle life i 7} ——— '

0.0f 0

Goals:

« understand operation and failure:
chemistry and morphology

« multi-length scale => multi modal

 during operation
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Graetz et al. ], Ekectrochem. Soc. 151, A698 (2004).
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Ge particle anodes

Voltage (V)

Approach — in-operando, Ge micron particles:

» XRD -> ordered structure (phase)

« XAS -> |ocal structure (phase) & chemistry

* TXM -> morphology
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In situ XRD of Ge anodes —first cycle

i Lithiation:
_ o >250 mV - crystalline Ge
= o 250 mV; c-Ge + amorphous?
] 0<120 mV: c- Ge,Li5+?
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LMJ\LJLM»‘ ? G <500 mv: c- GeyLiys
o >600 mV: amorphous ?
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In situ XAS of Ge anodes —first cycle — EXAFS
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Lithiation

o =250 mV. drop in amplitude: Ge -> a-GeLli,

o modeling at =250 mV: a-Ge,Liq

o =100 mV (end)- dramatic change, heterogeneous GeL.i,
Delithiation

o gradual increase 450-800 mV: c-Ge,Li,; -> a-Ge,Ll,

o Slow formation to (largely) a-Ge + LiGe

Voltage (mV)



In situ XAS of Ge anodes —first cycle — EXAFS
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In situ XAS of Ge anodes
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Li-lon Batteries - neutrons

1 A

D AN

Where’s the Lithium — anodes, cathodes, electrolyte (solvation)?

« ordered and disordered materials T

» order: neutron powder diffraction

« disordered: neutron total scattering (nPDF) = In-operando
Where’s the Lithium — dynamics

« diffusion - atomic —_—

X ray Where S Waldo" neutron Where S Waldo"

VT -.;‘4
\ﬁ‘ J
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Transmission X-ray Microscopy

()

tomography optically-coupled
rotation axis CCD at image plane

/ sa mple/ObjeCtive ZP \/

4

Capabilities:
« Morphology — 30 nm resolution.
30 um field of view

« 2D & 3D imaging (density)
« Elemental/chemical maps

beam stop capillary condenser

pin hole

) %@ ‘ :
v I ! | vorr

Fva
Condenser Lens | | ‘ 76RE Plate

ObJeFtive Lens

— Goals — micron Ge particles:
 Quantify volume changes
 Visualize crack formation
 Quantify porosity changes

\ Battery Cell

13



Morphology changes during (de)lithiation

A

()

|
e AN

Cracks form in larger particles (> 7.6 um? projected area or >3 um diameter)
Cracks fill as lithiation continues

Cracks reappear during delithiation

~ W Do

After delithiation larger particles are porous

- 1st cycle, C/5

2500 -

Potential vs. Li/Li* (mV)

1000

Capacity (mA h/g)



Potential at which expansion starts is size dependent

ey An

P e AN

» Tracked drop in optical density (OD) for 9 particles in 5 regions
* Drop in OD - drop in particle density & volume expansion
« Smaller particles start expanding/fracturing earlier
« 2" cycle: only the largest particles expand
M active in 2nd cycle
25 Binactive in 2ndycycle
. Binactive in 1st cycle
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3D imaging: density
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* Lithiated: some ~Li,:Ge, with other states containing less LI
 Delithiated: broader & shifted to lower density = not completely reversible
 Average expansion on lithiation: 315% of fresh

Weker et al., Energy Environ Sci. 7, 2771 (2014) 16



Deep discharge of LICoO,

o .  Imaged at 35 energies
« Single-pixel spectra fit with linear
- combination of two standards

) « Co metal; Co I+

° 77I06/ | 77IZO I 7740 | 7760 | 7780 | 7800 | 7820 17

E (V) Wise, Weker, MFT, unpublished



Li-lon Batteries

Where’s the Lithium — anodes, cathodes, electrolyte?
» ordered and disordered materials

* order: neutron powder diffraction

« disordered: neutron total scattering (nPDF)

Where’s the Lithium — dynamics
» diffusion - atomic

Where’s the Lithium — particle & electrode level?

e particle chemistry: core-shell? D™ e TEREL
« electrode (cell): state-of-charge |

* Imaging?

18



Li-lon Batteries - SEI

el Ar»
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Solid electrolyte interface .
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Photovoltaics

1 A

Efficiency (%)

Best Research-Cell Efficiencies
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Multijunction Cells (2-terminal, monolit~*_,

LM = lattice matched

MM = metamorphic

IMM = inverted, metamorphic

V' Three-junction (concentrator)

'V Three-junction (non-concentrator)

A Two-junction (concentrator)

A Two-junction (non-concentrator)

B Four-junction or more (concentrate

O Four-junction or more (non-conce trator)

Single-Junction GaAs
A Single crystal

A Concentrator

V' Thinfilm crystal

Crystalline Si Cells

B Single crystal (concentrator)

B Single crystal (non-concentrator)
O Multicrystaliine

@ Thick Si film

® Silicon heterostructures (HIT)
V' Thin-film crystal

Thin-Film Technologies A

0 ClS i) e Organic PV e
O CdTe - Soitec
O Amorphous SiH (stabilized) ° Pe rOVSkItES (44, 297)

4 Nano-. micro-. nolv-<:

Emerging PV
O Dye-sensitized cells

O Perovskite cells Boeing-
@ Organic cells (various types) (] Spectrolab (5-) 38.8% |u]
A Organic tandem cells X) Sharp (IMM V
@ norganic cells (CZTSSe) yV » i

**"Sharp (IMM
< Quantum dot celis Sharp (IM

NREL
0 [ -

Kopir

. 172

Radboud U

NREL / Konarka

U. Linz
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New Functional (PV) Materials - Characterization

o1 Ay
OGNS

Sustainable energy: generation (solar, PV)

 Structure-function relationships (nms -> microns)

« Operation: Where are ions and electrons? And how
do they move?

* Processing: How are they made?

A

Multi-modal Diagnostic Tools

atomic T
bonding
Grain size T *

Celllevel '

0.1 nm I nm 10 nm 100 nm 1 um 10 pm
Probed Length Scale

~
r g
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Organic Solar Cells

Organic Solar Cells: Organic photovoltaic: ""'
» flexible, solution processable  Bulk heterojunction (BHJ)

* inexpensive & mass production « Light creates exciton (e- h+ pair)

e printing « Exciton diffuses to donor/acceptor

: : Interface & dissociates
ﬁonor: semi-crystalline polymer \ « e- & h+ transport to electrodes

P3HT = poly(3-hexylthiophene) => Power with PCE ~ 10-12%

\AAW
oo electrode

I\ o/
s\ N

PDPP2FT-C16

-

-
acceptor: fullerene
phenyl-C61-butyric
ester (PC61BM)

\& PC/71BM

/

donor-acceptor interface hv
BHJs: 100s nm thick 2



Organic Solar Cells: Morphology

Three separate regions:

* pure donor — semicrystalline + amorphous (?)
* some (ca 20%) fullerene in amorphous donor e e
« pure fullerene — amorphous B ol L

.....

Some issues (X-rays): A W e
« BHJ morphology (nm lengths);
close to exciton diffusion length
» Molecular packing in donor
polymer: carrier & exciton transport
* Intermixing of donor & acceptor

» |Interface structure

Gomez, et al. Chem Comm, 47, 436 (2011)
Treat, et al., Adv. Energy Mater. 1, 82 (2011).
Chen et al., NanoLetts. (2011).



Probe Morphology with Scattering

GISAXS

Intensity

4 "
q: 0.1 1

J * probes phase-separation at small angles &

o\ molecular packing at wide angles
&

“\_structure \

scattered ™\ GIWAXS

X-rays AN

1600

)
S
o

Scattered Intensity
@
[=3
[=]

~" molecular
packing

scattereqj
x-rays/

Rivnay et al.,
Chem. Rev., 2012,
112 (10), 5488

sample
substrate

incident
X-rays

» grazing incidence X-ray scattering on thin films
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BHJ Structure of C,-PDPP2FT - SAXS

o1 A >
o b M\
; Guinier regimes — smaller domains g B
e . shifts to higher q by using additives N oT
o [
. . s/ e
slope becomes more intermixed N N N

10’ less steep

10

Intensity
8&

-
o
w

10

10

10

= domain interfaces

PDPP2FT: PC71BM

1:3
(100) peak molecules packed
shifts to higher q more tightly -> more
ordered
== w/0 additive
pce =
- 0.9%
— w/ CIN
pce=
e W/ DIO
5.6%
e W/ ODT

Schmidt et al., Adv. Mat. 26, 300 (2014)

T T T T T T
2 3 4 5 6 7 8

BHJs: 100s nm thick
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OPV - Soft X-ray Scattering

Ll AR
4}-{1l{f3 T I | T |
Resonant soft-x-ray scattering (r-SoXS) ; n=1-0+1p
« enhanced contrast between similar ,
- (2=
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Polarized soft-x-ray scattering (p-SoXS) !
« polarization as a contrast mechanism ) et NN B S E—
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0 7
R-SoXS set up  J— e e o T PVl o | contrast below
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Swaraj, ..., Ade; Nano Lett. 10, 2863 (2010) o e R
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OPV - neutrons

Some issues in BHJ morphology:
* nm scale phase separation: all 3(4) phases

* mixed (amorphous) polymer + fullerene
* Interface structure

« vertical phase segregation

« molecular packing in polymer, acceptor

Neutrons:

* SANS, giSANS (?),

« reflectivity - vertical phase separation
* In-Situ (processing?)

SANS:
« Mackay, Dadmun. stack

ACS Nano 2011, 5, 4768.
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In-situ OPV - processing

OPV processing: in-situ

* printing (shearing, roll-to-roll, slot-die)
« thermal annealing

* solvent annealing

* Spin coating

Diao, et al., unpublished
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Perovskite solar materials

ol AL
D M
20-_ 0 19.3;)
17.9 % . Soluti -
olution processing
CH,NH,PblI, | |
_15- - Earth abundant, inexpensive
g\i 15.9 % MSSC AlLO,
. Solution processed
8 10 - 15.4 % co-evaporated
@ . Planar PIN
g i 15% - mesoporous TiO,
LU 2-step deposition
54 Best Research-Cell Efficiencies <NREL
3.9%
0 - | - T - |
2008 2010 2012 2014

Year

Efficiency (%)

Snaith, J Phys Chem Lett 4, 3623 (2014)
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Perovskite PV

CH;NH;PDbl;: where’s the (organic) atoms + dynamics?
e orientation of CH;NH;* (MA)
 dynamics of MA, 1? XRD

EUS5_phi_2deg_temp_100deg_01_01_03231148.mar2300

°Pb
O

O°
oV

CH,NH,Pbl, | * films — 100s nm 0



Summary

ol A>
af b M\

Sustainable energy: generation (solar, PV), storage (batteries),
transformation (catalysis)

 Structure-function relationships (nms -> microns)

« Operation: Where are ions and electrons? And how do they move?
* Processing: How are they made?

Energy Storage: Where’s the Lithium? 1o
- structural- anodes, cathodes, electrolyte, ordered and disordered ,»
« dynamics: diffusion ”
« particle and cell: morphology & state-of-charge

Solar: structure & dynamics

« OPV: nm scale morphology (vertical phase)
* perovskites: MA structure and dynamics

« CZTS: similar Z (Cu, Zn)

See what X-rays can’t

31
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o Linda Lim, Kristin Schmidt
* Cul & McGehee groups at Stanford
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Battery Operation

(4]
e

»
)

Current collector
(Cu foil)

I]Eslsreinqege
e o ,I\: e
== —
o ANWN—
Electrolyte
Li,Cy |
(Graphite) Li+ Li, ,CoO,

v

Separator Cathode

Current collector
(Al foil)

Composite electrode
(Active powder/binder
/conducting aids)
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Cu,ZnSn(S,Se), Background: Complexity

e AL

Potential Complications Inherent to CZTS

D M

o Multiple crystallographic phases (kesterite vs.stannite)
o Many possible secondary phases (ZnS, CusS, Cu,S, SnS,, Cu,SnS;)
o Alloying S and Se

o Strong affect on PV

kesterite

stannite

SnS,
Cu,SnS;

Cu,ZnSnS,

Cu,S ZnS

Phase diagram after Olekseyuk et al., J. Alloys
and Comp. 368 (2004) 135-143. 33



Resonant X-Ray Diffraction Model
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In operando Tomography -> 3D

Computed (axial) tomography:

« 2D images at many angles used I\

to form 3D rendering
 “CAT scan” .I pl|
L

In situ tomography cell:
 Image over a large range of angles

\ Germanium
e Carbon black
"\. Binder

| 3D Goals: Quantify volume changes |
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In-situ Methodology

1)

In-situ battery Cell — follow structural & morphological changes:
* In-situ, in real time (slow — hours)
e X-ray “transparent” cell < Pouch Cell

Current collector

Coin Cell

S in C matrix (cathode)

coin cell with hole

Polymer separator
Li-metal

polymer separator
Kapton film

Li-metal (anode)

electrode Polyester Film

Imaging
hole

Misra, Liu, Nelson, Hong, Cui, Toney, ACS Nano., (2012). 38



